VITRUV concept is a general purpose instrument aimed at exploiting the full capability of the VLTI infrastructure including the faint science hyperspace enabled by PRIMA. VITRUV is up to 6 times faster than current interferometric instrumentation. The wavelength range is JHK with a goal of extension to RI+L bands. Three spectral resolutions are available 100, 1500 and a goal of 10000. The dynamic range of the reconstructed images is 10-100 with a goal of 100-1000. There is a goal of retaining polarization information.
Introduction
The idea behind VITRUV is that by combining simultaneously 4 to 8 telescopes the VLTI becomes 2 to 6 times more efficient than by using non-simultaneously these same telescopes. This increase in speed is not original and in a sense quite similar to the move from single to multi-object spectrographs. When making the VLTI a faster interferometer an immediate operational gain is achieved and two compatible scientific methodologies become possible: 1) massive surveys of sizes; 2) routine interferometric imaging. The science cases are essentially centered on routine interferometric imaging as this is the novel VLTI capability made possible by VITRUV. As the temporal timescale of VITRUV is contemporary to the PRIMA full operation the VITRUV concept can be considered the VLTI-PRIMA spectro-imager.
Imaging with the VLTI
With the full operation of the AMBER instrument and 3 movable ATs the Paranal Observatory will have in 2005/6 the same interferometric imaging capabilities of the Plateau de Bure Observatory at its dawn, by 1990. Imaging with the same quality of the Plateau de Bure Interferometer (PdBI) early days will be therefore possible. The VLTI and PdBI have similar baselines (figure 1.1), but because the VLTI operates at a wavelength up to 1000 times shorter than the PdBI its angular resolution will be up to 1000 times sharper. In interferometry, imaging is achieved by inverting a sufficiently large number of complex visibilities. These complex visibilities can be obtained by triangular combinations of telescopes (or antennas). In its early days this was the way the PdBI did imaging with 3 antennas. In order to obtain a sufficiently large number of complex visibilities six different antenna triangles were used together with a significant inte-gration in hour angle. As the hour angle changes, the triangular projection in the sky rotates. Therefore, for a given triangle, many more (8-16) complex visibilities are available for large (-4 h to 4 h) hour angle variations. Imaging with 3 telescopes is therefore time consuming. One image requires a complete night for each of the 6 triangles, i.e., six nights are required to image one object. This was common practice at the PdBI in its early days, figure 1.2 illustrates a typical example. Figure 1 .2: Top: the six triangles that compose PdBI BC configuration. Bottom: SiO (2-1) line intensity velocity channels towards L1448 outflow by Guilloteau et al. (1992) . The solid line marks the outflow axis and the star the continuum position. The observations were carried between June and September 1990 using the BC configuration set. The quality of interferometric imaging cannot be described in terms of pixels. Interferometric images are generally smooth compact structures, very different from optical/NIR wide field imaging.
The conclusion to draw from the PdBI experience is that interferometric imaging of compact sources with a quality similar to the PdBI with AMBER and the ATs is possible. It will be expensive in terms of telescope time though. An AMBER imaging program will necessarily be a Large Program for ESO, requiring typically the full use of 3 ATs during 6 nights. The necessity of moving the ATs triangles will be an additional important operational burden. 
The VITRUV instrument
VITRUV is a general purpose spectro-imager for the PRIMA enabled VLTI. The advantage of VITRUV with respect to existing VLTI instrumentation is that by combining the beams of 4 up to 8 telescopes a significant gain in the number of complex visibilities is possible. Interferometric imaging as illustrated by figure 1.3 will be both faster and operationally lighter. Figure 1 .4 illustrates the speed in acquiring the relevant complex visibility information versus the number of telescopes combined. For interferometric imaging the relevant complex visibility information is stored in the closure phases. VITRUV is 2 to 6 times faster than AMBER for 4 to 8 telescopes combination, respectively. In practice VITRUV will obtain an image per night without the need of relocating telescopes. For comparison AMBER will require 6 nights with telescope relocation. Figure 1 .4: Speed versus number of telescopes for several arrays/instruments. The speed is defined as the ratio of the number of independent measurements by the number of telescopes used. The number of closure phases was considered as the only relevant independent measurement for imaging speed.
VITRUV being a spectro-imager has three modes with spectral resolutions of 100, 1500 and 10000. These modes are essentially dictated by the science cases: low resolution for continuum imaging, intermediate resolution for line emission imaging and high resolution for stellar surface imaging and line emission kinematics. The spectral coverage is centered on JHK with possibilities of extending it to visible (R+I) and L bands. The visible region allows higher angular resolution and access to scientifically interesting lines such as Hα and the Calcium triplet. The L band extension allow polycyclic aromatic hydrocarbons (PAHs) and nanodiamonds science. The sensitivity of the instrument is presented in the following figure. .6 puts the VITRUV concept in context within ESO instrumentation/facilities suite and scientifically relevant past/present/future ground based and space facilities. VITRUV general purpose spectral range and resolution combined with a 2-6 times higher efficiency when compared to AMBER make him a natural second generation VLTI instrument fully exploiting the faint science hyperspace opened by PRIMA. VITRUV imaging is highly complementary of seeing limited spectroscopy, high angular resolution with adaptive optics and ALMA. It will allow to obtain information on the unresolved (by AO/ALMA) part of the object that is directly significant for the interpretation of the large scale imaging and spectroscopy.
Complementarity and competition
Competition to VITRUV will basically come from other imaging interferometers like the CHARA array and the Magdalena Ridge Observatory. Based on the recent experience of the first generation VLTI versus the Keck Interferometer we anticipate that if these observatories become operational in time they will do imaging of the brighter and most compact targets. However, VITRUV thanks to the ESO/VLTI infrastructure will be able to have a large and sustained scientific productivity compared to direct competitors.
Chapter 2
The formation of stars and planets
Low mass stars
Our understanding of low mass (M 2M ) star formation (up to a few 10 6 yrs) is essentially based in two successes:
1. The success in modeling the spectral energy distributions (SEDs), and in particular the emission in excess of the stellar photosphere. This allowed the inference that: 1) accretion via a disk is the only viable energy reservoir powering all activity; 2) an evolutionary sequence connected to the progressive dispersal of the placental close stellar environment explains the observed variety of spectral energy distributions.
2. The success in modeling the physical mechanism behind the observed collimated outflows and HerbigHaro objects was used to infer that: 1) these outflows originate in the disk, or disk-star interaction region; 2) magneto-hydrodynamic mechanisms are responsible for the ejection and collimation.
Accretion and outflow are the distinctive simultaneous signatures of star formation. However even for the best studied case of low mass stars the physical mechanism by which matter is accreted and ejected remains unknown. The angular scales responsible for the bulk of the observed SED emission (specially in the optical-NIR) and the angular scales where the outflow activity originates are smaller than those probed by adaptive optics on 8m class telescopes -any progress is only possible by directly imaging the optical/NIR emission lines and continuum at 1 resolution.
Intermediate mass stars
Regarding the intermediate young mass stars (2M M 8M ), only recently was the existence of Keplerian gas disks demonstrated with mm interferometric imaging (Mannings & Sargent, 1997) . Before this result there was a debate in the literature whether the observed SEDs provided evidence for disks (e.g. Miroshnichenko et al., 1997 were able to fit the SEDs spherically symmetric models). However NIRinterferometric observations have shown (e.g. Millan-Gabet et al., 2005) that the bulk of the NIR emission comes not from a disk but from from a puffed-up inner wall located at the dust sublimation radius (e.g. Natta et al., 2001) . This a completely different disk geometry from their lower mass analogs. The recent scientific history for the intermediate mass stars SED modeling underlines its degeneracy and how imaging information is critical for the SED understanding. A question remains, are these stars actively accreting as for the lower mass young stars?
Large scale outflow activity is present but rarer than for their lower mass analogs -probably a statistical effect of their faster evolution. The ubiquitous optical and NIR emission lines where classically interpreted as originating in a wind. However it is not clear if the lines really originate in a wind or in magnetospheric accretion tube (Muzerolle et al. 2004) or even photo-ionized flared disk coronas (Acke et al., 2005) .
High mass stars
High mass stars (M 8M ) have a determinant new characteristic -a very strong radiation field than not only photo-ionizes the surrounding but also has a dynamical effect via radiation pressure. Powerful mass ejection also takes place, in this respect these stars seem scaled-up versions of their lower mass counterparts. Regarding disks, only around ten disk-like structures have been detected so far and it is not clear if some of them are actually unstable infalling material (their mass is comparable or larger than the star; their morphology is sometimes toroidal) rather than Keplerian disks.
Classically these embedded high mass stars have been studied in the mm and radio wavelengths. However recently 2MASS counterparts have been found around a sample of massive protostellar candidates (Kumar et al. 2005) . Opening the exciting possibility of studying the close environment of these objects with NIR-interferometry. Is accretion reversal via radiation pressure really taking place? If not is the accretion flow completely ionized? Is the jet magnetically driven or radiation driven?
Multiplicity and complexity
As illustrated in the previous paragraphs the initial evolution to the main-sequence of young stars is highly complex due to a multitude of interacting inflow/outflow components. On top of these is the fact that these most of the young stars form in clusters and present high degrees of multiplicity. Clearly the high degree of complexity cannot be fully probed by spectroscopy alone and complementary high angular resolution studies are required. In the next two sections we focus on two aspects: 1) the inner structure of inner disks and; 2) the launching of jets and winds.
The structure of inner disks of young stars
The morphology of the dusty close environment of pre-main-sequence stars will be studied, particularly the following interconnected aspects, 1. The effects of the central radiation field in the environment structure. What is the exact shape of the sublimation surface/rim and inner cavity?
2. How does the morphology correlates with dust properties? Do dynamical and out of thermal equilibrium effects affect the dust emission distribution?
3. Are there orbiting companions opening cavities in the central disk region? Study the consequences on companion formation and migration scenarios.
4. Is the environment shaped by central source winds and outflows? Are these winds dusty?
5. How does the structure of the inner disk affects the initial conditions for planet formation?
6. What is the distribution and morphology of PAHs (polycyclic aromatic hydrocarbons) and nanodiamonds in the inner regions of disks (cf figure 2.1)?
Time dependent morphology At Taurus the Earth orbit is located at 7 mas. For the first time a systematic study of the orbital evolution of the dusty environment will be feasible and compared to hydrocode simulations.
Evolutionary aspects By comparing objects at different evolutionary stages the timescales for the morphological evolution and dissipation can be addressed. With AMBER a considerable advance in PMS stellar evolution models is expected and more precise timing of the central stars will be available by 2010.
Central source mass
The stellar mass will affect the central radiation field and the dusty environment via sublimation/heating and pressure. Habart et al., 2004 Habart et al., , 2005 . Most of the emitting region is unresolved. still has to be resolved. Left: images reconstructed from NACO spectra. Right: the spectrum from NACO (solid) and ISO (dashed) -nanodiamonds (full lines) and PAH (dotted) features.
Requirements Instrumental requirements
This program requires low spectral resolution, intermediate to high image complexity and contrast. A FOV of 0.1 is sufficient, increasing the FOV will probably require much higher dynamic range. The temporal stability is of 1 month. Polarization studies might be required. An extension to the L band would allow PAH studies.
Observing strategy
The required image dynamical range and complexity translates in a few nights per object. The resulting images are expected to be complex requiring detailed interpretation/modeling. This limits the number of objects to a few tens.
Precursor/supporting observations
Surveys of extend NIR emission around PMS are already underway and published. We expect that by 2010 a vast sample of resolved environments will be available for detailed imaging by VITRUV.
Target statistics
The field of star formation has the interesting property that most of its objects being bright enough to be accessible to optical interferometry. There are virtually thousands of accessible targets that will be increased with southern surveys by VST and VISTA. As an example we present in figure 2.3 the K-band luminosity function for the Trapezium cluster in Orion. The peak of the distribution at m K = 11.5 is already achievable with fringe tracking. With PRIMA the close environment for the complete mass function can be probed.
Uniqueness & complementarity
JWST will have a much smaller angular resolution and a tremendously higher sensitivity than VITRUV. It will therefore center in the most deeply embedded objects (Class O and I) and therefore be somewhat complementary. ALMA will have an angular resolution overlap with VITRUV. The gas dynamics and dust distribution can be studied for common targets and a great deal of complementarity is expected. IOTA3 and CHARA will be a direct competitor of VITRUV in low spectral resolution studies albeit with lower Radiative transfer We expect that VITRUV will revolutionize the field of radiative transfer in several areas of astrophysics by bringing into evidence the spatial nature of the phenomena. Two breakthroughs are expected: a) 2D and 3D radiative transfer will be required to analyze the observations; b) clumpiness is expected as the ejection process is unstable -this stochastic density along the line of sight will radically alter the radiative transfer.
Requirements

Instrumental requirements
This program requires intermediate to high resolution spectroscopy. FOV of 0.1 − 0.2 would be ideal to connect the observed structures with the larger scale AO observations. The temporal stability is of less than a week is required. The proper motion of a 50 km/s blob at Taurus is 1.5 /week. Polarization is marginal unless it can be used to separate pure emission from scattered emission for bright lines. The spectral coverage into the optical would be a plus a direct comparison with detailed AO/HST optical line studies and diagnostics would be possible.
Observing strategy
An initial intermediate resolution survey has two advantages: a) the greater spectral coverage allow to image many different lines; b) is more sensitive. Follow-up high spectral resolution studies in the brightest lines would probe kinematics. 
Precursor/supporting observations
Precursor studies with AO+spectroscopy (SINFONI+CRIRES) are required as the emission line environment in the NIR is not very well known. Furthermore AMBER studies are expected to resolve a considerable number of lines.
Uniqueness & complementarity
The field of intermediate to high spectral resolution optical interferometry has no competition in the near future.
Chapter 3
Imaging stellar surfaces
Optical imaging instruments are a powerful means to resolve stellar features at the generally patchy surfaces of stars throughout the HR diagram. Optical interferometry has already proved its ability to derive surface structure parameters such as limb darkening or others atmosphere parameters. VITRUV, as an imaging device, is of strong interest to study various specific features as vertical and horizontal temperature profiles, abundance inhomogeneities and detect their variability along the stellar rotation. This will provide important keys to address stellar activity processes, mass-loss events, magneto-hydrodynamic mechanisms, and stellar evolution.
Photospheric convection and activity of late type stars
The variable magnetic field that causes stellar activity is generated by a process that we call the dynamo, in which the kinetic energy in convection and large-scale circulations is converted into magnetic energy. Ab initio, comprehensive modeling of stellar dynamos is at present impossible; instead modelers are forced to introduce multiple simplifications and approximations into their models, without knowing whether these are warranted, or what side effects may be introduced by them. Consequently, the diversity of results from currently existing models critically requires observational guidance on, for example, how the fieldemergence patterns change over periods of years to decades. Dynamo models suggest considerable diversity: some have either a dominant dipolar or quadrupolar component, while others are strikingly different from the simple two-winged 'butterfly' pattern of the solar sunspot occurrences over time: there are models that show, for example, a triple butterfly pattern moving towards the equator, or two pronounced wings migrating in opposite directions away from mid-latitudes, or even a polar flux-emergence pattern at a significantly different period than the low-latitude emergence pattern, or phase differences as large as a few years between opposite hemispheres. Repeated imaging of stellar chromospheric emission patterns over multiple years will provide the essential observational knowledge on which of these patterns actually occur on other Sun-like stars, and how they depend on fundamental stellar parameters as well as rotation rate, and thus will help differentiate between viable and nonviable dynamo models.
Spots on magnetically active stars
Energy of late type stars is mainly carried outwards by convection whose study is a key in modeling the inner structure as well as the atmosphere of these objects. Mapping the turbulent eddies of such stars and deriving their size and luminosity (or temperature) is of strong interest to better understand stellar convection. Late type stars might exhibit asymmetric and even highly fragmented mass-loss events, which are believed to be linked to stellar surface parameters such as limb-darkening, effective temperature or surface features.
Pulsating Miras
Surface temperature and chemical inhomogeneity There are some suggestions from planetary nebulae that mass-loss in the AGB phase might be chemically inhomogeneous. Also, Soker & Zoabi (2002) proposed the existence of magnetic cool spots produced by a relatively weak large-scale axisymmetric magnetic field amplified by turbulent dynamo on the surface of Miras. This would provoke aspherical mass distribution. More in general, any measure of the magnetic field of Miras would be a fundamental input data for theorists modeling the mass loss rate and geometry in this phase.
Pulsation modes
The controversy on the pulsation mode in Miras and on the switching between different modes remains unsolved, although the common notion is that most field Miras pulsate in the first overtone mode. In particular, there is no knowledge on the behavior of Miras in binary systems. A measure of the Mira radius (we are speaking of something between 250 and 1200 R at 2 µm) with an error of less than some 50% is needed to firmly distinguish between fundamental and first-overtone alternatives, which can performed with VITRUV on a selected sample of nearby Miras. Moreover much more kinematic information may be derived from imaging at the VITRUV angular resolution.It has long been known that cool giants and Mira variables show substantial linear polarization which varies in magnitude and direction on a timescale of months to years (Coyne & Magalhães 1979a) . Indeed, few very red stars have low values of polarization.
Polarization aspects Mie scattering in an asymmetric distribution of circumstellar dust may be the polarigenic source in stars with the highest level of polarization (e.g. Daniel 1980; Voshchinnikov & Karjukin 1994) , and flattened dust distributions have been implicated in the formation of bipolar planetary nebula via the interacting winds mechanism (see, e.g. Icke, Balick & Frank 1992) . Smaller levels of polarization may arise from photospheric Rayleigh scattering of an intrinsically asymmetric radiation field. Such an asymmetry may arise from large scale hot spots or zonal temperature differences caused by convection (Schwarz & Clarke 1984; Doherty 1986 ). Alternatively even slowly rotating late-type giants may pole-to-equator gravity differences sufficient to cause a temperature difference of ∼ 10%.
Narrow-band photo-polarimetry and spectro-polarimetric observations demonstrated that the polarization magnitude varies through the molecular bands of Miras (e.g. Coyne & Magalhães 1979b; Boyle et al. 1986 ) and post-AGB stars (Trammell, Dinnerstein & Goodrich 1994) . Such an affect may be due to changes in albedo with optical depth in the extended atmosphere (e.g. Marcondes-Machado 1987) .
Of course the interpretation of the polarimetric data is difficult when one is dealing with a net polarization. It is clear when an element of spatial discrimination is introduced the whole problem is much more strongly constrained. Interferometric polarization measurements of late-type giant stars will provide new insights into their atmospheric structure and the geometry of their circumstellar material, and the chemical and physical properties of the dust in the photosphere and the winds, constraining theories of mass-loss from red giant stars and hydrodynamical models of planetary nebulae formation.
Stellar features of supergiants
Because of their large luminosity supergiants have extended atmospheres and in some cases circumstellar shells, which makes difficult to determine their stellar parameters (effective temperature, ...). They may exhibit substantial mass-loss and surface structures (Tuthill et al. (1997) , Young et al. (2000) ).
Requirements Instrumental requirements
A spectral resolution of 10 000, extension to red would give access to the calcium triplet at λ8542Å. Accuracies as high as AMBER ones are required. 
Observing strategy
Very high angular resolution is mandatory : the longest baselines with the ATs and the shortest wavelengths are used. Accurate visibility measurements in the small visibility range (i.e. in the second lobe of the visibility function) are required. Closure phase, and better, phase measurements are powerful to detect asymmetries and surface spots. The resulting images (Figure 3 .1) will require detailed interpretation/modeling.
Precursor/supporting observations
First results on limb darkening determination of late-type giants have already been obtained with NPOI (Wittkowski et al., 2001 ) and with VLTI/VINCI . AMBER observations are expected in the next years.
Target statistics
Magnetically active stars Wittkowski et al. (2002) produces a list of more than 70 targets within VLTI observation context. Their list mainly includes RS CVn type, BY Dra type, W UMa type, FK Com type, T Tau type and single giants. Estimated angular diameters range from 0.1 mas up to 3 mas. The authors only select 4 targets with the selection criterion lies of angular diameter larger than 2 mas to be able to put 2 × 2 pixels in the images. Extending the spectral range to the visible would double the angular resolution and increase the number of targets to 17. Note that extensive surveys of active stars in the southern hemisphere do not exist.
Supergiants
We use the Egret catalog "A list of stars classified as supergiants" (Egret , 1980) . Stars where selected according to the following criteria, 1) a limiting magnitude smaller than 10.0; two relevant declination ranges (see Figure 3 .2 caption). We compute the histogram of each distribution (Figure 3 .2) vs. K magnitude obtained by correcting for V − K according to spectral type. Due to our selection method (constrain on V magnitude and V − K correction), histograms may present a lack of targets of higher K magnitude. But these plots clearly show that a lot of supergiants can be observed with VITRUV, even if such histograms need for detailed studies of stellar parameters of each target to prove observation feasibility. • ; +36
• ] which corresponds to the observing range of the VLTI. Right: [-64
• ] which corresponds to an "imaging" range allowing to follow the targets during a quite long period. There are 2833 targets for the first case and 2204 for the second one.
Mira stars Mira giants have their emission peak in the near-IR, and thus they are extremely bright at these wavelengths. Using the standard period-luminosity relation from Whitelock & Feast (2000) , an absolute K magnitude between -6 and -9 is estimated for pulsation periods between 100 days (the shortest ones) and 800 days (among the most extreme Long Period Variables). This translates to apparent magnitudes K = 4 and K = 1, respectively, at a distance of 1 kpc, which is a characteristic limit of interest for VITRUV, as it corresponds to apparent stellar diameters between 2 and 15 mas, depending on the period and mass, and assuming first overtone pulsation mode.The total number of Miras known within 1 kpc is about 200, thus providing a large target database.
Abundance and magnetic field of Ap stars
Chemically Peculiar A and B stars (CP stars) exhibit strong chemical abundance inhomogeneities of one or more chemical elements, such as helium, silicon, chromium, strontium, or europium, and a large-scale organization of their magnetic field that produces a typical signature in circularly-polarized spectra. CP stars represent a major class of the known magnetic stars in the solar neighborhood and constitute ideal targets for studying how magnetic fields affect other physical processes occurring in stellar atmospheres. Simultaneously mapping abundance distributions and magnetic fields is an important key in addressing the fundamental question of the origin of the magnetic field in CP stars: both the fossil and the coredynamo theories have difficulty in explaining all the observed magnetic characteristics of CP stars (Moss , 2001 ). Secondly, the magnetic field and the abundance inhomogeneities are so closely related that maps have to be obtained simultaneously to understand well the key role of magnetism in atmosphere structure (Leblanc et al., 1994) , in ion migration across the stellar surface (Michaud , 1970) , and in chemical stratification (Ryabchikova et al., 2002) . However, very few abundance maps of CP stars are available today (e.g. Kochukhov et al. (2002) for α 2 CVn) and very few maps of magnetic fields have been reconstructed via Zeeman-Doppler Imaging (e.g. Kochukhov et al. (2002) for α 2 CVn) or by inversion of spectro-polarimetric data (Bagnulo et al. (2000) for βCrB). Moreover, such inversion methods often lead to several magnetic field models that cannot be disentangled by classical spectro-polarimetric techniques.
Requirements Instrumental requirements
This program requires high spectral and angular resolution. Access to I, J and even R bands is very important as CP stars exhibit numerous and deep metallic lines in the visible and J-band range. Moreover the Figure 3 .3: Surface distributions of Ti, Mn, Cr, Co, Y, Pr, Eu reconstructed using the FEROS spectra of HR 3831. The star is shown at five equidistant rotation phases at the inclination angle and vertically oriented axis of rotation. The greyscale plots visualize the chemical composition maps (darker areas correspond to higher element concentration), with the contours of equal abundance plotted with a 1.0 dex step. The thick solid line shows the location of the rotational equator, while the dashed line, plus sign and small circle correspond to the magnetic equator, positive and negative poles respectively (from Kochukhov et al., 2004, A&A, 424, 935) shorter the wavelength the better the angular resolution. Circular polarization capability is require to study magnetic field topologies via Zeeman effects. Accuracies as high as AMBER ones are required.
Observing strategy
Model atmospheres, abundance maps, magnetic topologies are mainly constrained by spectro-(polari)metric observations at high spectral resolution and via inversion techniques. Coupling high spectral resolution with high angular ability is obviously of strong interest for addressing stellar activity issues.
In this context, the color-differential interferometry is a very attractive way to derive 2D abundance and magnetic maps since the differential fringe phase can be used to locate spots on stellar surfaces (Jankov et al., 2003) . As it is equivalent to the first moment of the intensity distribution, this observable has a large sensitivity in the limb regions and it gives access to absolute orientations via its sign, even for edge-on or pole-on geometries (Rousselet-Perraut et al., 2004) . The resulting images will require detailed interpretation/modeling.
Precursor/supporting observations
AMBER observations are expected in the next years.
Uniqueness & complementarity
Imaging at high angular resolution is complementary to (Zeeman)-Doppler Imaging ((Z)DI) reconstruction based on observations with very high spectral resolution instrumentations (like UVES). In particular, high angular resolution can provide images whatever the target inclination (even for edge-on or pole-on configurations) whereas (Z)DI is optimal for intermediate inclinations. Imaging CP stars require very high angular resolution, and competitors are therefore kilometric interferometer arrays.
For the ro-Ap (rapidly rotating Ap) sub-class of CP stars, imaging is complementary to asteroseismology techniques (with UVES or HARPS for instance). Both techniques can be combined to provide a better understanding of stellar internal structure.
Competition from very long baseline instruments like the OHANA array is expected, specially for magnetically active stars.
Chapter 4
Evolved stars
The shaping of the outflows from evolved stars
In the last twenty years, the extraordinary geometry of young and evolved PNe and related objects (like for instance nebulae around symbiotic stars) has been revealed by ground-based and HST observations. Only a relatively small fraction of outflows have spherical symmetry, some of which may only appear so because of our viewing angle, while the rest shows an incredible variety of elliptical, bi-polar, multi-polar, point-symmetrical, and highly collimated (including jets) structures (e.g Schwarz et al. 1992, A&AS 96, 23) .
These observations gave a strong impulse to theorists, and a plethora of theoretical explanations has been proposed. However, none of them could be fully tested, as in most cases even HST cannot resolve the spatial scale at which collimation occurs.
The most popular models to explain the onset of asymmetry in the outflows involve strong interactions between (anisotropic) AGB and post-AGB winds producing wind-heated and wind-blown expanding bubbles (Balick & Frank 2002, ARAA 40, 439) , or collimation by several processes (like accretion disk winds interacting with the stellar winds) in close and wide interacting binaries (Soker & Rappaport 2001 APJ 557, 256 ) , or magneto-hydrodynamical (MHD) shaping (e.g. Garcia-Segura et al. 1999, ApJ 517, 767) , the latter scenario also possibly related to enhanced rotation and magnetic fields due to binary interactions.
Resolving the collimation region
In many of these objects, VITRUV would allow us to see directly the collimation region and follow in real-time its dynamical evolution, revealing which one(s) of the models above is correct.
To illustrate this, let's take as an example one of the favorite proposed models, which is the formation of collimated outflows in binary stars with disk-wind interaction. Figure. 4 .1, top, presents the image of the highly collimated nebula M 2-9 (d=640 pc), obtained with the HST with a spatial resolution of ∼30 AU over a displayed f.o.v of some 30 000 A.U. At the bottom, on a 100 times smaller scale it is instead shown the hydrodynamical simulation by Garcia-Arredondo & Frank (2004, AJ 600, 992) , using 640×320×320 cells, each with a size of of 0.5 AU (matching the VITRUV resolution and f.o.v. for an object at the distance of M 2-9). At such resolution, the 10 AU offset of the jet origin (produced by the unresolved hot companion and its accretion disk) with respect to the primary star, the corkscrew matter distribution around the stars, and the jet aperture and bending, can be clearly revealed and would unambiguously demonstrate the nature of the binary collimation source. Other models, like for instance inertial collimation by a (much larger) equatorial density constraint, would result in a completely different circumnuclear geometry, and in particular with a much wider jet base.
In addition, VITRUV would allow us to follow in real-time the evolution of the outflows. For an expansion velocity larger than 10 km/s (a lower limit, in some cases it is as large as several hundred km/s, see also Figure 4 .1, bottom), a sharp feature moving relative to the central star at a distance of 1 kpc will traverse >3 mas in one year. Multi-epoch images on timescales of a few months or few years will then easily resolve the nebular growth up to large distances. This is another powerful way to distinguish among Moreover, the ability of measuring the Doppler shifts of lines emitted by the circumstellar nebulae will result in detailed spatiokinematical maps of targets located at 1 kpc, with 1 AU and v=10 km/s resolutions, which is just what any theorist would like to have.
Finally, physical conditions in the circumstellar gas will be derived from the emission line spectrum using photo-ionization and shocks models, constrained by the knowledge of the matter distribution and of at least some stellar parameters. The same scientific objectives described above also apply to related objects, like the outflows from symbiotic novae ( 
Expansion parallaxes
The ability of resolving in a short timescale the apparent expansion of the nebulae, while measuring at the same time their radial velocities, will also allow us to determine the distance of the nebulae via their expansion parallax. This is probably one of the most robust methods to determine the distances of these objects, which nowadays are often only poorly known and represent the most severe limitations to determine their basic physical properties, like the luminosity, mass, age, and energetics.
A special mention should be given here to the ejecta of classical novae. Given their large expansion velocities, up to a few 10 3 km/s, their outflows will be resolved few years or even only few months after the nova outburst. As an example, the expanding shell of the widely studied Nova Cyg 1992 was easily resolved by HST 15 months after the explosion (Paresce 1994, A&A 282, L15). The larger spatial resolution of VITRUV would allow to follow the evolution of such a nearby ejecta starting from only few weeks after the outburst, allowing a fantastically detailed dynamical study which would highlight any shaping process and acceleration, and thus the physical processes at work in any phase of the evolution of the outflow. This, together with the simultaneous radial velocity measurements, would also imply a precise determination of the expansion parallax, contrary to what is presently feasible, as in most cases the velocity information is not spatially resolved, or is taken at a different epoch than the images, and thus the association of the various velocity components with the different nebular features at any given time is uncertain.
Binarity
In a number of cases where the central regions are not severely "polluted' by a large amount of gas and dust, VITRUV imaging will be able to detect and resolve the two stellar components in binary systems. This would be another important result, as binarity effects might explain most of (if not all) the deviations from spherical symmetry observed in the outflows from evolved stars (e.g. Soker 1997 ApJS 112, 487) . According to the theoretical models (Yungelson et al. 1993 ApJ 418, 794) , two third of all PN central stars are binaries, the great majority of which have orbital periods much larger of 1 AU, thus corresponding to binary separations that VITRUV can resolve. The detection rate will have to be modeled, as it depends on the binary (projected) separation, the detectability of the hot white dwarf (with L up to 10 4 L , but much weaker in the near-IR when it achieves very high temperatures), the detectability of the companion, the distances. The VITRUV detection rate of binaries is expected to be much higher than any previous visual or spectroscopic survey, and will therefore provide basic statistics for the binary fraction in PNe and their properties. For objects at intermediate separations (up to a few tens of years orbital periods), orbital parameters will also be obtained by multi-epoch observations.
Requirements
Instrumental requirements
The objects present high morphological complexity. A spectral resolution of R ≤5000 can probe kinematics in the fastest objects but a goal of R=30000 would resolve all outflows radial motions. Polarization up to 10% is observed in reflection nebulae.
The inclusion of the 0.5 to 1µm range would extend JHK range science by:
1. to observe some very bright optical nebular emission (e.g. Hα or [SIII]953 nm), extending the coverage in the ionization stages observable. In addition, the larger spectral range will allow us to discuss extinction, dust properties, and radiation transfer effects comparing for instance the H Bracket, Paschen and Balmer lines. The lower sensitivity of VITRUV in the red would be compensated by the fact that Hα is for instance several ten times brighter than BRγ.
2. to increase the parameter space for the search of binary companions, as at slightly bluer bands the hot components (or blue companions) are better detected.
Observing strategy
In this kind of targets, the circumstellar environment as seen in near-IR light is a complex one. Atomic and molecular emission lines, stellar continuum and its absorption features (from the star loosing mass if it is in an early evolutionary stage, or from a cool companion in binary systems), as well as emission from hot circumstellar dust can be simultaneously present. Depending on the nature of the cores and their evolutionary status, different information can therefore be extracted in the near-IR. For ionized regions with moderate internal dust extinction, emission lines from ions in a wide range of ionization stages can be observed (e.g. HI of Paschen and Brackett series, HeI and HeII, [FeII] and [FeIII] , high excitation ions as high as [SiVII] , etc). Through these lines, maps and velocity fields of the circumstellar regions would be obtained with VITRUV. For neutral gaseous regions, H 2 can be used as the probe. For heavily obscured cores, dust continuum emission might dominate, and VITRUV would therefore highlight the dust distribution, revealing for example asymmetrical concentrations or patchy distributions, which can be linked to the mass loss mechanism from the stars and/or any redistribution process by binary interactions, allowing at the same time to study its temporal evolution.
In regions dominated by the stellar continuum (e.g. symbiotic-like PNe) a detailed study of the central star(s) will be possible, obtaining its spectral type, gravity, and chemical composition (see also the Science case in vit-sg-004.pdf), or revealing the presence and nature of cool companions which are hidden at optical wavelengths by the circumstellar gas and dust, or which are not resolved at standard spatial resolutions.
Precursor/supporting observations
Given the complexity and variety of the spectra, however, it is impossible to predict specific surface brightness values at different near-IR wavelengths. Preparatory studies with instruments like SINFONI+AO or CONICA+AO are mandatory.
Target statistics
Among the brightest PNe exist some of the objects with the most interesting collimated outflows. In these, most of the emission is concentrated in the unresolved nebular core. PNe precursor are generally brighter in the near-IR, and AGB stars and symbiotic stars are even brighter, thus easily observable with VITRUV. The histogram of the Ks band magnitude from the Denise catalog for 159 PNe is shown in Figure 4 .1.1.
Uniqueness & complementarity
ALMA is complementary, especially at longer wavelengths for objects in a different evolutionary status (e.g. with colder dust). The JWST lower resolution, not able to resolve inner regions and stellar surfaces, no overlap of goals but highly complementary to extend to larger f.o.v. and longer wavelengths (e.g. more obscured, nearby objects). Finally with CHARA an overlap will be likely limited to the study of the brightest central stars of the nebulae, given its lower sensitivity.
Microquasars (stellar black-holes)
The class of so-called microquasars (Mirabel & Rodríguez 1994) , can be seen as galactic counterparts of the extragalactic quasars, but on a much smaller scale since they are thought to harbor stellar mass black holes (M∼ 10·M ). Radio images of microquasars show either extended structures like in SS433 or 1E 1740.7-2942 or very compact ones like in Cyg X-1 at mas scale and, in general, radio emission is interpreted as the presence of compact steady jets or sporadic ejection events also seen in infrared and X-ray bands (Fender et al. 2004 ). Due to their smaller physical size compare to AGNs, their radio emission can be strongly variable and correlated to various X-ray states, which indicates that jet emission is physically linked to the accretion process. Radio observations have also shown in some objects pair of bright radio condensations moving away from the hard X-rays core at apparent superluminal velocities due to relativistic aberrations (Rees 1966; Mirabel & Rodriguez 1994) . Right: K-band spectra of Cyg X-3, each displayed with an arbitrary flux offset for clarity. At the top a quiescent spectrum, in the middle a spectrum taken during a very extreme radio/X-ray flaring of the system, at the bottom a "post-outburst." spectrum (Hanson et al. 2000) .
The light curves of microquasars in all wave-band are highly variable and exhibit very complex time behavior. In the case of the microquasar GRS 1915+105 (one of the most famous one) long quiescent periods are followed by active periods (which generally last a few days) where the source changes quasi periodically from quiescent to high state (flares) on time-scale ∼ 30 minutes. During a campaign of multiwavelength observations, a spectacular correlation has been seen between X-rays, infrared and radio light curves: periods of intense, rapidly variable X-ray emission are followed by dips in the X-ray light curve, immediately followed by a flare in infrared, and later by flares in the radio band. This has been interpreted as the disappearance of the inner accretion disk correlated with the ejection of synchrotron components, first seen in infrared and a few minutes later, due to synchrotron self absorption, in radio (Mirabel et al., 1998) . This is thought to be linked with the radio components seen on a much larger scale (pc and kpc). Note also that a near-infrared observation with the SHARP camera at the NTT has revealed an extended structure apparently aligned with the radio jet direction (Sams, Eckert & Sunyaev 1996) , but the low-angular resolution of this observation could not allow to conclude definitively in favor of an infrared jet structure. In another observation (Mirabel et al. 1996) , detected an infrared flare following a radio flare with a lag of about 2 days. They interpreted the IR emission by thermal emission from a warm dust component heated by the central object. The dust is likely to be described by symmetrical distribution (either spherical or toroidal). On the opposite a jet is expected to be asymmetrical due to Doppler boosting effect which amplifies the blue component.
Clearly, the origin of the infrared emission in microquasars is far from being completely understood. Open questions are:
• What is the dust and jet contribution to the infrared emission of the innermost regions of microquasars?
• How does it connect with the radio jet emission? • How does it vary with the X-ray spectral states?
Moreover, since it is believed that microquasars are a scaled down version of AGN, understanding the various states in XrBs will certainly provide insights on the observed differences between AGN (radio loud/radio quiet, FRI/FRII, blazars...). Infrared imaging of microquasars at mas scale has never been done up to now. We present in Fig. 5 .3 a K-band model image of the jet of GRS 1915+105 (we do not include any dust emission). This image assumed a conical jet and a simple power law distribution for the particles. The density and magnetic field distributions along the jet axis are tuned to agree (mostly in flux) with real VLA radio observations. Clearly, K band images of microquasars at mas resolution will allow to:
• study the jet morphology;
• constrain the different parameter distributions (particle distribution, density, magnetic field) all along the jet;
• constrain accretion-ejection models.
Of course, any presence of non jet-like structures will give direct information on the presence of dust (distribution, composition, etc...) in the inner region of these objects.
Requirements Instrumental requirements
This program requires low spectral resolution (< 100), intermediate to high image complexity and contrast. The polarimetric observation of the synchrotron emission expected from the jets would give information on the magnetic field topology. The temporal stability of the jet components at mas scale is of the order of a few tens of minutes.
Observing strategy
The required image dynamical range and complexity require a important coverage of the u, v plane. However, the jet structure in microquasars change on relatively small time scales (∼ hour). A good image reconstruction thus requires a rapid re-configuration of the base lines. In the contrary case (i.e. use of one configuration on short exposure or different configurations on long exposures), the reconstruction will still bring important constrain on the models. For instance, long exposures will allow to estimate the mean distribution of the jet characteristics. In any case the resulting images are expected to be complex requiring detailed interpretation/modeling.
Target statistics
There are roughly 12 microquasars with K band magnitude smaller than 15. However some contamination by the donor star emission might be present.
Uniqueness & complementarity
VITRUV imaging capabilities at mas scale should unambiguously determine the orientation and the size of the IR emitting region (dust torus and/or jet) and, in the case of a jet structure, could for the first time detect a superluminal motion in the infrared range.
On the other hand, opt-IR interferometry measurements at mas scale with VITRUV combined with VLBI/VLBA/ALMA/CHARA observations, will bring very important information for the global energetics of the accretion-ejection phenomena and especially on the physical parameters of the jet, extending the current radio measurements to high frequency range. A comparison with contemporaneous X-ray and gamma-ray data such those provided by XMM and INTEGRAL will further constrain the jet physical conditions.
Chapter 5 Active Galactic Nuclei & Supermassive Black Holes
Active Galactic Nuclei (hereafter AGN) are galactic nuclei powered by non-stellar energy production. The stronger observational evidences are given by their high luminosities (L ∼ 10 8 − 10 13 L ), flat (L ν ∼ ν −1 ) non-stellar spectra extending from radio to γ-rays, high efficiencies of matter-energy conversion ( 0.1), rapid time variabilities (observed on scales as short as a few hours in optical and X-rays), compact source sizes (directly measured in radio sources and smaller than a few light days) and the presence of relativistic jets (e.g. Blandford, Netzer & Woltjer 1990) .
Observationally all AGNs are usually divided into two main classes, type 1 and type 2 (e.g. Seyfert 1 and 2 nuclei). The type 1 AGNs show broad (FWHM > 1000 km/s) permitted emission lines in their optical and near-IR spectra while type 2 AGNs only show narrow lines (FWHM < 1000 km/s). The most widely accepted model (see Fig. 5 .1) comprises a central black hole with mass in the range 10 6 − 10 10 M surrounded by an accretion disk that converts gravitational energy into radiation and outflows. The radiation emitted in the optical -UV -soft X-rays accounts for most of the AGN bolometric luminosity. Broad emission lines originate in small high density gas clouds (N e ∼ 10 9 cm −3 ) orbiting around the nuclear source. Variability time scales of the broad line fluxes and other theoretical arguments suggest that the BLR size ranges from a few light days for nearby Seyfert 1 galaxies up to a few light years in the most luminous quasars. Plasma jets are emitted perpendicular to the disk. At large radii (∼ 1 − 100 pc), an obscuring torus of cold gas and dust surrounds the nucleus. The orientation of this torus relative to the line of sight naturally accounts for the differences between type 1 and type 2 AGNs (figure 5.1; see Antonucci 1993 for a review).
AGN activity peaked at z ∼ 1−2 where the density of high luminosity sources (L > 10 12 L ), the so-called quasars or quasi-stellar objects (QSO) was a factor ∼ 100 larger than in the local universe. This observed evolution of the space density of AGN implies that a significant fraction of luminous galaxies must host black holes, relics of past activity (e.g. Marconi et al. 2004; Yu and Tremaine 2002) . In recent years BHs have been detected and their masses measured in ∼ 40 galaxy nuclei, both normal and active (e.g. Kormendy & Gebhardt 2001; Ferrarese & Ford 2004) . It has also been found that a tight correlation exists between the BH mass and host bulge (spheroid) mass and luminosity (e.g. Kormendy & Richstone 1995; Marconi & Hunt 2003) and with the stellar velocity dispersion (Ferrarese & Merritt 2000; Gebhardt et al. 2000) . Clearly any correlation of the BH and spheroid properties implies a tight relation between galaxy and BH formation. It is slowly being recognized that this tight relation might be due to the feedback on the host galaxy from the BH during its active (AGN) phase (e.g. Menci et al. 2004; Granato et al. 2004; Di Matteo et al. 2004) . Marconi, Maiolino & Petrov (2001) summarize the expectations from AGN observations with the first generation of VLTI instruments (AMBER and MIDI). Although very important scientific results can be achieved with AMBER and MIDI (e.g. sizes of dusty tori, sizes of BLRs and constraints on the sizes of the massive dark objects found in galactic nuclei which are interpreted as supermassive black holes), it is clear that without any imaging capability, observations are limited only to the estimate of source sizes. A significant step forward with respect to AMBER and MIDI can only be obtained by providing images of the circumnuclear environment of an AGN at mas resolution (i.e. ∼ sub-pc scales).
In the following, we will show the possibilities of the combined use of VITRUV and PRIMA in addressing several open issues on AGNs and supermassive Black Holes. At the end of this chapter, we will address the target statistics, i.e. the number of relevant targets (AGNs) which will be observable with VITRUV and PRIMA.
The dusty torus
The dusty torus is a fundamental component in the AGN unified model because it provides the orientationdependent obscuration of the central source. The nuclear near-IR luminosity of several AGNs is dominated by emission of hot dust, close to the sublimation limit, which traces the inner walls of the circumnuclear molecular torus. The inner radius of the torus is set by the minimum distance from the nuclear UV source at which dust can survive against sublimation, i.e. R Dust S ubl 
46 pc where L 46 is the optical-UV luminosity of the AGN in units of 10 46 erg/s (Laor & Draine 1993) . The smallest radius is for large grains and the largest for small grains. Within the torus, the absorbing dust reprocesses the optical-UV primary radiation into the infrared, via heating of the dust grains. Several authors have modeled the infrared spectral energy distribution of AGNs and have shown that, indeed, the nuclear infrared emission can be explained with reprocessing of the nuclear radiation by dust (e.g. Pier & Krolik 1993; Granato & Danese 1994) . The obscuring dusty medium is expected to extend from the sublimation radius (less than a pc) up to about 100 pc. Until a few years ago, the only constraints on the models were the infrared spectral energy distributions and the upper limits on the size of the nuclear H and K band sources obtained from groundbased and HST/NICMOS observations. Without strong constraints on the sizes and geometries of the tori, there is a degeneracy between the model parameters (like dust composition, distribution etc.) meaning that the same spectra and size constraints can be adequately explained with very different torus models. The radiative transfer models have been recently compared with the IR SED of nearby Seyfert galaxies and with high angular resolution near-and mid-IR observations to try to constrain the physics and the geometry of the dusty torus (e.g. Alloin et al. 2000; Maiolino et al. 1998 ) with the finding that the near-and mid-IR emitting dust is somewhat more extended than expected by the early models. The geometry and the physics of the dusty gas in the circumnuclear region of AGN are thus more complex than assumed so far. An additional complication is that the properties of dust in AGNs might be different with respect to the diffuse interstellar medium. More specifically, Maiolino et al. (2001a,b) have shown that probably the dust in the circumnuclear region of AGNs is biased in favor of large grains, while in all models for the molecular torus a "standard" Galactic dust mixture has been assumed. A distribution of dust biased in favor of large grains would change significantly the distribution of temperatures and also the location of the dust sublimation radius. Open questions are:
• Does torus really exists?
• What is the geometry of the torus?
• What is the dust composition?
Addressing these questions is a crucial test for the unified model. Currently there are no self-consistent physical models of the torus and it is not clear why the dusty medium is kept inflated with respect to a disk geometry.
Early results from the VLTI with MIDI and VINCI observations on NGC 1068 have shown the presence of a compact pc-scale hot dust component with size increasing with wavelength, as expected (e.g. Jaffe et al. 2004; Wittkovski et al. 2004 . MIDI observations have also shown that the silicate absorption feature seen on the hot dust component might have a different dust composition than that of the more extended stuff (Jaffe et al. 2004) . Though preliminary, these results show the great potential of high resolution interferometric observations.
Scientific objectives
The dusty torus is a fundamental component of the AGN unified model, but we do not know if it really exists and what is its real morphology. In the left panel of Fig. 5 .2 we present K-band model images of the torus of NGC1068 (courtesy of G.-L. Granato) seen at different inclinations with respect to the line of sight. In the right panel we show the same images but with a resolution of 2 mas and pixel size of 1 mas as expected from VITRUV. Clearly, these K band images of the nuclear region of an AGN will allow to:
• confirm/negate the existence of tori;
• disentangle synchrotron from hot dust emission, i.e. discriminate between torus and jet emission; • study the torus morphology and determine its geometrical parameters like the inclination w.r.t. the line of sight;
• constrain radiative transfer models;
• study the torus dust composition (using radiative transfer models).
Requirements Instrumental requirements
This program requires low spectral resolution (< 100), intermediate to high image complexity and contrast. A FOV of 0. 1 is enough since the torus is less extended than that as implied by the upper limits on its size placed by HST observations. The temporal stability is of the order of or larger than 1 year (distance of torus from central variable source).
Observing strategy
Observations will be done in combination with PRIMA which will fringe-track on the source itself, since tori are unresolved at the diffraction limit of 8m telescopes (see the end for the number of observable targets). In order to study the complex morphology of tori, high image dynamical range is required and, to obtain complex images, many baselines are needed (i.e. a few nights per object). The resulting images will still require detailed interpretation and modeling in order to address all the issues described above.
Precursor/supporting observations
HST/NICMOS and adaptive optics imaging of nearby AGNs exist already but only upper limits on torus size can be derived. AMBER observations of dusty tori are expected in the next years and will provide estimates of the sizes of tori. Other supporting observations will be obtained with AO assisted imaging, e.g. with NACO. Image is in units of mJy. This image assumed a conical jet with a simple power law distribution for the particles. The density and magnetic field distributions along the jet axis are tuned to reproduced real VLA radio observations (Mantovani et al. 1999) . Right: same model image as before but with a 2 mass spatial resolution and pixels of 1 mas.
Uniqueness & complementarity
VITRUV will observe in the near IR range where emission is dominated by hot dust. It will thus be complementary with ALMA which will provide observations of tori in the sub-mm range. JWST is much more sensitive than VITRUV but has a worse angular resolution (∼ 0. 08).
The Jet
Some Active Galactic Nuclei (AGNs) exhibits powerful collimated jets. Although very minority, they are very interesting because, first the ejection phenomenon from a Black Hole environment is very intriguing, and also because jets are sources of high energy processes. There are two classes of jets, namely FR1 and FR2 jets (the classification is due to Fanaroff-Riley 1974) . FR2 jets are the most powerful, very collimated and ending with hot spots, whereas FR1 are weaker, shorter, displaying wiggles and no hot spot. Some population of AGNs exhibits high energy phenomena, such as hard X-ray emission and Gamma-ray emission, sometimes up to TeV range, together with a fast variability and apparent super-luminal motions. These emissions are believed to come from a relativistic jet pointing towards the observer. Those sources are called Blazars.
It is generally believed that the presence of accelerating plasma with a self-confinement, as suggested by jet observations, relies on the action of a large scale magnetic field carried along by the jet (Lovelace 1976; Blandford 1976; Blandford & Payne 1982) . The observed radio emission is then believed to result from synchrotron emission of the electrons spiraling around these magnetic field lines.
This radio synchrotron emission has been mapped by VLA with accurate isophotes for a large number of AGNs and the corresponding synchrotron self-Compton emission (SSC) is now measured in X-rays by Chandra. The jet power estimated from these observations is very comparable with the accretion power around a Black Hole of a few 10 8 M and thus indicates that a sizable fraction of the accretion power actually goes into the jets generation.
There are still many open issues concerning the ejection power, the ejection mechanism and the detailed origin of the accretion-ejection phenomena. Among others:
• What is the jet geometry?
• What is the distribution of the emitting particle?
• What are the distributions of physical quantities like magnetic field strength, density, particle velocities along the jet These are fundamental questions that require detailed observations in the inner part of AGNs where the accretion-ejection processes originate. Given the importance of jets in the global AGN power, the study of the jet physics is also of major interest for a correct understanding of the AGN phenomenon.
Scientific objectives
We present in the left panel of Fig. 5 .3 a K-band model image of the jet of 3C 273. In the right panel, the same model image is degraded to a resolution of 2 mas and pixel size of 1 mas to simulate an image from VITRUV. This image assumed a conical jet with a simple power law distribution for the particles. The density and magnetic field distributions along the jet axis are tuned to reproduced real VLA radio observations (Mantovani et al. 1999) . It is worth noting that, in the infrared, the synchrotron self absorption becomes important a distance much closer to the central engine than at radio wavelength. We will then have access for the first time to the jet inner regions. Moreover, given the broad-band (radio up to X-rays) jet spectra observed in AGNs, we expect a high energy cut off of the synchrotron emission, which must lie between radio and optical. Its detection is important to better constrain the maximal energy of the emitting particle. Clearly, K band images of AGN jets at mas resolution will allow to:
• study the acceleration processes that may occur in the jet;
Requirements Instrumental requirements
This program requires low spectral resolution (< 100), intermediate to high image complexity and contrast. The polarimetric observation of the synchrotron emission expected from the jets would give information on the magnetic field topology. The temporal stability of the jet components is of the order of months.
Observing strategy
As in the case of tori, observations will be done in combination with PRIMA which will fringe-track on the source itself. All type 1 AGNS have an unresolved point source in J,H and K at the diffraction limit of 8m telescopes (see the end for the number of observable targets). In order to study the complex morphology of jets, high image dynamical range is required and, to obtain complex images, many baselines are needed (i.e. a few nights per object). The resulting images will still require detailed interpretation and modeling in order to address all the issues described above.
Precursor/supporting observations
HST/NICMOS and adaptive optics imaging of nearby AGNs jets exist already but focus on the large scale jet structure. Like for dust torus, AMBER observations of the inner jet regions are expected in the next years and will provide estimates of the jet morphology.
Uniqueness & complementarity
Infrared imaging of AGN at mas scale has never been done up to now. The imaging capabilities of VITRUV will be of major interest to disentangle the jet and dust torus components. Indeed, synchrotron radiation from the jet could be distinguish from dust thermal emission by several means: different spectral shapes, a higher brightness temperature for non-thermal emission and a different emission regions geometry. On the other hand, as said in Sect. 5.1, dust is expected to be located in a torus which should appear as a symmetrical feature, perpendicular to the jet axis. On the opposite, the synchrotron emission is likely asymmetrical (due to the Doppler boosting) and aligned with the jet axis. VITRUV observations should also permit to detect, for the first time in the IR range, superluminal motions and thus to better constrain the nature of the rapidly moving blobs.
On the other hand, the VITRUV measurements combined with VLBI/VLBA/ALMA/CHARA observations, will bring very important information on the global energetics of the ejection and on the physical parameters of the jet, extending the current radio measurements to the high frequency range. A comparison with contemporaneous X-ray and gamma-ray data will further constrain the jet physical conditions.
The Broad Line Region
The BLR (Broad Line Region) is the region where the broad (FWHM> 1000 km/s) permitted lines observed in the spectra of type 1 AGNs originate (e.g. Blandford, Netzer & Woltjer 1990) . Given the small distance from the central BH the width of the broad lines is likely to originate from the gravitational motion of gas clouds around the BH. So far, the size of the BLR could not be directly measured and the only available information is provided by the so-called reverberation mapping technique (e.g. Peterson 1994) . The BLR size is estimated as c∆τ where ∆τ is the time lag between the continuum and line variation. Clearly this represents an average size weighted over the BLR geometry and physical conditions. In principle the BLR geometry and kinematics can be derived from the detailed behavior of the light curves, but the inversion is not unique mainly because of the correspondence between the 1-dimensional nature of light curves and the 3-dimensional nature of the BLR. Also the non optimal time sampling of the observations strongly reduces the constraints which can be derived. Suggested spatial distribution of the BLR clouds are spherical, disklike or conical. Dynamically, the BLR might be dominated by gravitational motions (either a virialized system with chaotic motions or a disk in Keplerian rotation), or might be part of a radiation pressure driven outflow, or of an inflow. Obtaining a direct measure of the BLR size and constraining its morphology and kinematics is fundamental in order to understand its origins and relationship with AGN activity, and to measure the mass of the BH and verify reverberation mapping techniques. BLR sizes determined with the reverberation mapping have been found to correlate with the quasar luminosity. A recent estimate by Kaspi et al. (2000) gives:
where L λ is the rest-frame monochromatic luminosity at 5100 Å. Assuming virialized motions, the BH mass can be estimated as
e.g. Kaspi et al. (2000) ; Peterson et al. (2004) . Potentially reverberation mapping is plagued by so many uncertainties that the question on its reliability arises naturally. However, the best confirmation for reverberation mapping comes from the fact that BH masses estimated with reverberation mapping agree well with the M BH -L/σ relations found for quiescent galaxies (e.g. Onken et al. 2004) . We stress that reverberation mapping is not a direct method to measure BH masses but is calibrated with the M BH -L/σ relations. Obtaining R BLR from reverberation mapping is observationally extremely expensive because it requires monitoring of a single AGN for a few years. However one can take advantage of the R BLR -luminosity relation shown above to easily estimate R BLR from the AGN continuum. The BH mass can then be estimated from the virial relation as M BH = f R BLR ∆V 2 /G where f is a factor which depends on the geometry of the BLR. This provides an easy and quick method to estimate M BH in thousands of objects at all redshifts. As in the case of reverberation mapping, the reliability of this method lies on the agreement of M BH estimates with the M BH -L/σ relations. Given these premises, the open questions which we would like to answer are:
• What are BLR geometry and kinematics?
• How good is the R BLR -Luminosity relation and how it extends to high luminosities?
• Is the BLR virialized?
• Are virial mass estimates reliable? Can we improve on their accuracy, e.g. by having more accurate f factors?
Scientific objectives
The only information on the Broad Line Region comes from reverberation mapping which is plagued by several problems. In summary, we do not know what are the morphology and kinematics of the BLR. The spatial resolution of VITRUV is not enough to provide conventional images of the Broad Line Region however by combining medium resolution spectroscopy with accurate phase measurements it will be possible to recover the photocenter position of the BLR in each wavelength (velocity) bin. This will allow to have constraints on the morphology and kinematics of the BLR. If the BLR is in a rotating disk, then it will be possible to measure the mass of the central BH. This is shown in Fig. 5 .4 where we show the case of the BLR of 3C273 which has a size from reverberation mapping of ∼ 0.1mas and an estimated BH mass of ∼ 3×10 8 M (e.g. Peterson et al. 2004 ). In the figure we assume that the BLR of 3C273 is in a rotating disk inclined by 30 deg w.r.t. the line of sight. The left and middle panel present the expected line differential phase as a function of wavelength along two baselines at given angles with the disk line of nodes. The right panel presents the reconstructed positions of the line centroids per wavelength bin. The centroids are all aligned along the disk line of nodes and combining their relative positions with their associated velocity it is possible to directly measure the BH mass. In summary it will be possible to:
• estimate the size of the BLR and establish a secure size-luminosity relation for the BLR which is fundamental for virial mass estimates of BH masses (the only way to measure BH masses at high redshift).
• constrain geometry and kinematics of the BLR.
• if BLR is in a rotating disk, the BH mass can be directly measured.
Requirements Instrumental requirements
In order to achieve the science goals described above, medium spectral resolution (1000 − 3000) is mandatory in order to spectrally resolve Broad Lines. There are no requirements on image complexity. The temporal stability should range from a few days to several months or years depending on the luminosity of the source.
Observing strategy
Again, observations will be done in combination with PRIMA which will fringe-track on the source itself. All type 1 AGNS have an unresolved point source in J,H and K at the diffraction limit of 8m telescopes (see the end for the number of observable targets). PRIMA will be fundamental for accurate phase measurements. This is a snapshot program and does not require many baselines. Similarly, there are no constraints on FOV.
Precursor/supporting observations
Precursor and supporting observations are those obtained during reverberation mapping campaigns but we do not expect a significant improvement with respect to the present situation .
Uniqueness & complementarity
These observations cannot be performed with any other current or future facility.
Supermassive blackholes
By far, the best evidence for a BH in a galactic nucleus is given by center of our own Galaxy where, given the relatively small distance (D 8 kpc), it has been possible to measure proper motions and radial velocities of many stars thus directly probing the gravitational field (e.g. Genzel et al. 2000; Schödel et al. 2003) . In the case of one star it has been possible to follow almost completely its elliptical orbit around the putative BH over more than 10 years of observations (e.g. Schödel et al. 2003) . The dark object responsible for the gravitational attraction and coincident with the radio source Sgr A* must have a mass of M • 3×10 6 M and a mean density of at least ρ BH > 10 17 M pc −3 . Clearly, the only plausible alternative is that of a supermassive Black Hole.
The second best case for a supermassive BH is given by NGC 4258, where high spatial resolution VLBI observations of H 2 O maser emission imply the presence of a dark mass of 4×10 7 M concentrated within a radius of 4 mas (0.14 pc) implying ρ BH > 4×10 9 M pc −3 (Miyoshi et al. 1995) . Also in this case the most plausible alternative is that of a BH even if the evidence is not as strong as for our Galactic Center BH.
The evidence for a BH in all cases other than the Galactic Center and NGC 4258 is much weaker due to the worse spatial resolution of the observations. To detect a BH one must resolve the radius of the BH sphere of influence: It is clear that in order to probe the BH sphere of influence high spatial resolution is mandatory. Until now, except for the Milky Way and NGC 4258, the best spatial resolution achievable is given by HST, i.e. ∼ 0.1 . BH are usually detected and their mass measured with gas kinematics (e.g. and references therein) or stellar dynamics (e.g. Gebhardt et al. 2003 and references therein) . What is really Figure 5 .5: Left panels: Line images (e.g. Brγ) of the rotating gas disk of Centaurus A which is inclined by 60 deg w.r.t. the line of sight and has the major axis along the y axis. The line images have pixel sizes of 1 mas and spatial resolution of 2 mas. Middle panels: velocity fields of the rotating gas disk with the same pixel size and spatial resolution as before. Left panels: velocity curves along the major axis. Top panels refers to the case of a central supermassive BH of 10 8 M , while bottom panels consider the case of an extended massive dark objects with 10 8 M mass and core radius of 5 mas. The two cases are clearly distinguishable kinematically. measured from observations of either gas or stellar kinematics is the amount of dark mass needed to explain the observed motions. If this dark mass is point-like at the resolution of the observations then it is a BH candidate and is usually called a Massive Dark Object (MDO). If a MDO with mass M • is confined in a volume of 4/3π(R res /2) 3 , where R res is the spatial resolution of the observations (e.g. the FWHM of the PSF), then it will have an average density of at least ρ BH > M • /(4/3π(R res /2) 3 ). If the average density is very high then the only possibility is that of a BH because the possible alternative, i.e. a cluster of dark objects, will have a lifetime much shorter than the age of the universe. Unfortunately, as shown by Maoz (1997) only for the Galactic Center and NGC 4258 we can exclude that the MDO is a cluster of dark objects. However, it is still commonly believed that the MDO found in galaxy nuclei are massive BHs.
To summarize the observational evidence suggests that massive BHs are present in all galaxies but only ∼ 40 are detected directly, there are a few detections in the 10 7 -10 9 M range, and measurements are limited to the local universe (D < 100 Mpc). Not all BH detections are equally reliable and, indeed, only for the Milky way and NGC4258 a BH is the only viable possibility. The open questions that we would like to address are the following:
• Do supermassive BHs really exist and are ubiquitous in galaxy nuclei?
• Are there any intermediate mass BHs i.e. 10 3 < M BH < 10 6 M ?
• When did the relations with the host galaxy set and how do they evolve with time? Figure 5 .6: Same as the previous figure but for the cases of a 10 6 M BH in a galaxy at 20 Mpc (top) and of 10 7.5 M BH at 500 Mpc.
Scientific objectives Galactic Center
VITRUV will allow to measure proper motions of stars near the Galactic Center BH with an accuracy better than 1 mas.
• It will be possible to further constrain the spatial extent of the dark mass concentration (the supposed BH) to exclude even the last possible alternative, the boson star.
• The knowledge of orbits with such a high accuracy will allow to search for general relativistic effects like the periastron precession.
• It will be possible to disentangle the flaring IR emission near the BH event horizon from the background emission. Thus it will be possible to obtain accurate light curves and determine the periodicity of the emission which might lead to a measurement of the BH spin.
Extragalactic BHs
Combining the imaging and the spectroscopic capabilities at medium resolution (> 1000) it will be possible to obtain data cubes of emission lines around the central BHs. This will allow to study the morphology and kinematics of the ionized gas. From these studies it will be possible to:
• constrain the size of the massive dark objects in nearby galactic nuclei to exclude plausible alternatives to BHs;
• directly measure the BH mass up to a distance which is a factor ∼ 50 larger than possible nowadays.
• establish "secure" BH mass vs hot galaxy properties relations. Fig. 5 .5 clearly show how it is possible to distinguish between the cases of a supermassive BH or of an extended massive dark cluster. The figure refers to the case of Centaurus A (Marconi et al. 2001 ) where a putative BH of 10 8 M has been detected from ground based and HST spectroscopy. Currently it is possible to constrain the size of the massive dark object to within r < 0.2 implying a mass density of ∼ 6 10 5 M pc −3 . Such dark cluster would have a lifetime against collisions longer than the Hubble time (Maoz 1997 and thus it is a viable alternative to the BH. By constraining the size of the massive dark object to less than 5 mas with VITRUV (see Fig. 5 .5), its density will be ∼ 3×10 10 M pc −3 thus making it an extremely unlikely alternative to the BH (see Maoz 1997 ). In Fig. 5 .6 we show how it is possible to measure BH masses in galaxies at different distances. The top panels refer to the case of a 10 6 M BH in a galaxy at 20 Mpc, while the lower panel refers to a galaxy at 500 Mpc with a 10 7.5 M BH. To rescale to other BH masses and distances one should just remind that M BH /D is invariant (D is the distance). Indeed the two cases look very similar as they should since 10 6 M /20 Mpc = 5×10 4 M /Mpc similar to 10 7.5 M /500 Mpc = 6.3×10 4 M /Mpc. With this scaling in mind it is clearly inferred that it is possible to detect BH with masses 5×10 4 M at 1 Mpc (e.g. in local group dwarfs) and BH with masses ∼ 10 8 M at z ∼ 1 (for a standard cosmology). Notice that with a spectral resolution of 3000, i.e. ∼ 50 km/s velocity bins (2 bins to sample 1 resolution element) the amplitude of the rotation curves is ∼ 4 pixels, still perfectly measurable.
Requirements
Instrumental requirements
Medium spectral resolution (1000 − 3000) is mandatory. Higher spectral resolution would be ideal for small BH masses (e.g. 10 6 M ) but observations would not be possible given the source magnitudes.
Observing strategy
As in previous cases, observations will be done in combination with PRIMA which will fringe-track on the source itself. All type 1 AGNS have an unresolved point source in J,H and K at the diffraction limit of 8m telescopes (see the end for the number of observable targets). Image complexity and dynamical range might vary from source to source. However, in order to measure BH masses and constraint the size of the dark matter distribution a low UV coverage is acceptable.
Precursor/supporting observations
VITRUV observations can be complemented with available HST/STIS observations and adaptive-optics assisted integral-field spectroscopy (e.g. with SINFONI) which will probe the 0. 05-0. 1 spatial scales.
Uniqueness & complementarity
VITRUV observations will probe spatial scales (∼ a few mas) non accessible to other facilities (e.g. ALMA, JWST). However, observations with, e.g., ALMA and JWST will nicely complement VITRUV ones.
Target statistics
We estimate here the number of relevant targets which could be observed with VITRUV. Given the relative faintness of AGNs and the need for medium spectral resolution fringe tracking with PRIMA is mandatory to perform the observations described above. The advantage of AGNs is that they have a central, bright unresolved component in J, H and K, at the diffraction limit of 8m telescopes. Therefore PRIMA will be able to fringe track on this bright source. We thus consider AGNs with a central point-like source brighter than K > 13mag and declinations δ < 20
• in order to be observable from the VLTI. It is not easy to establish whether the nucleus of a nearby Seyfert galaxy satisfy the above magnitude constraint due to the strong contamination from the host galaxy. This problem can be partially solved by analyzing HST/NICMOS images (spatial resolution of ∼ 0. 2 in K). Quillen et al. (2001) have examined 112 Seyfert Galaxies from the RSA and CfA samples observed with HST at 1.6µ. They found nuclear • .
point sources in about ∼ 50% of them. ∼ 30 of these galaxies (∼ 25%) have H < 13.5 and are then observable with VITRUV. The above numbers therefore suggest that several tens of Seyfert galaxies satisfy the magnitude constraints to be observable with VITRUV. A definitive answer on this will come from surveys conducted with AMBER. It is possible to be more quantitative considering quasars since there the AGN dominates the host galaxy emission and ground based magnitudes are directly magnitudes of the central AGN source. We have first considered the Véron & Véron catalog and transformed V to K magnitudes assuming V − K = 2.3 typical of quasars. In the current version of the catalog there are 122 objects with K < 13 and δ < 20
• . See Fig. 5 .7 for a cumulative distribution of quasar K band magnitudes from the Véron & V'eron catalog.
Finally we have considered AGNs selected from 2MASS. Cutri et al. (2001) find that the density of 2MASS selected AGNs with K < 13 is roughly 0.08/deg 2 . These objects are point like to 2MASS resolution (i.e.∼ 3 ) and 50% of them are Seyfert 1 and Quasars thus their K magnitude is little contaminated from the host galaxy. From this number we can estimate that there are ∼ 1650 type 1 2MASS AGNs all sky with K < 13 and ∼ 1200 objects with δ < 20
• . It is therefore not unlikely that more than a hundred AGNs from the 2MASS catalog will be observable with VITRUV.
